Abstract: An esterase from a thermophilic bacterium, Geobacillus sp. DF20, was partially purified. Final purification factor was found to be 64.5-fold using Q-Sepharose ion exchange column chromatography. Native polyacrylamide gel electrophoresis indicated the presence of a single active esterase. The substrate specificity of this esterase was high for p -nitrophenyl butyrate ( p NPB) substrate. The optimum pH and temperature for the enzyme activity were 7.0 and 50
Introduction
Lipolytic enzymes, including esterases (EC 3.1.1.1) and lipases (EC 3.1.1.3), are among the most frequently used groups of biocatalysts in industry and are widely distributed in nature. Esterases are ubiquitous and usually prefer to hydrolyze the esters of short chain fatty acids, while lipase hydrolyzes triglycerides with longchain acyl groups. 1 Microbial esterases have attracted considerable attention because of their wide substrate specificity, and excellent capabilities to carry out regio-, stereo-, and enantiospecific reactions. 2, 3 Although esterases are responsible for hydrolysis reactions in the presence of water, they also catalyze several types of biotransformations in anhydrous solvents. 4 Compared with other enzymes, this distinctive biotechnological feature has attracted interest in these enzymes. They are valuable in the industrial fields in the production of food (including dairy products), pharmaceuticals, detergents, textiles, paper, animal food, leather, and cosmetics. 5, 6 The common use of this enzyme in various sectors of industry is stimulating increasing interest in the discovery and characterization of new esterases.
Geobacillus is a genus of moderately thermophilic bacilli and these bacteria have been regarded as important sources of thermostable enzymes because of their structural and functional stability in extreme environments. 7 In spite of growing interest in thermophiles and their biocatalysts, only a few esterases have been characterized from thermophilic archaea and bacteria. 8 Additionally, the common limitation of industrial application of lipases and esterases is their limited thermostability at high temperatures and pH stability in operating industrial conditions. Therefore, finding novel microbial enzyme sources is of great importance in the development of new thermostable enzymes and applications.
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Here, we present detailed information about purification of the intracellular esterase from a thermophilic bacterium, Geobacillus sp. DF20, and its biochemical characterization in terms of pH and temperature optima, thermal and pH stabilities, and kinetic parameters. The effects of some metal ions and organic solvents on purified enzyme activity were also investigated.
Results and discussion

Enzyme purification
Purification of the esterase from the intracellular supernatant of Geobacillus sp. DF20 was achieved by ion exchange chromatography using Q-Sepharose fast flow gel. Protein content was determined spectrophotometrically at 280 nm and activity measurement described previously was performed for each fraction. Figure 1 indicates that 2 distinct regional fractions having good protein amounts and esterase activities were eluted and the highest degree of purity was attained in the fractions between 54 and 57. Therefore, esterase I (EI) activity was used for further studies. The enzyme was purified 64.5-fold with a specific activity of 42.07 U/mg protein (Table 1 ). The presence of 3 major protein bands with Coomassie staining and a single band with activity staining, on native PAGE, confirmed the partial purity of the isolated esterase ( Figure 2 ). Similar purification folds for esterases had been previously reported such as 42.7-fold from a salt-tolerant Bacillus species isolated from the marine environment of the Sundarbans and 62.8-fold from Rhodococcus sp. LKE-028 (MTCC 5562). 
Substrate specificity and enzyme kinetics
The substrate specificity of the esterase was tested in the presence of p -nitrophenyl esters with acyl chains of different lengths. The purified enzyme exhibited higher catalytic efficiency toward short acyl chain esters such as p NPA(C2) and p NPB (C4) and no significant esterase activity was observed for the substrates with longer chain lengths. The optimal substrate was determined to be p NPB and this preference of the enzyme suggested that it is a true esterase but not a lipase since esterases are known to hydrolyze short chain substrates and lipases are known to hydrolyze long chain ones. The reported esterases from Bacillus subtilis (RRL 1789), 12 Vibrio sp. GMD509, 13 Geobacillus sp. HBB-4, 14 and Geobacillus thermodenitri?cans T2 15 had also shown a strong preference for the hydrolysis of pNPB.
To determine kinetic parameters in the presence of p NPB substrate was studied with a substrate range of 0.005 to 0.5 mM and it was determined that the enzyme typically displayed a Michaelis-Menten kinetics pattern. The K m and V max values of the purified enzyme acting on p NPB were calculated as 0.12 mM and 54.6 U/mg protein, respectively, with a Lineweaver-Burk plot, under the standard reaction conditions described above. This Km value, which is lower than those of many known esterases in the literature, shows that the esterase has a great affinity for p NPB and it can be speculated that Geobacillus sp. DF20 esterase may be utilized in various biotechnological processes.
Effect of pH and temperature on enzyme activity
The effect of buffer conditions on Geobacillus sp. DF20 esterase activity was investigated at 50
• C by using p NPB with a pH range from 3.0 to 9.0. As shown in Figure 3A , the enzyme exhibited the highest activity at pH 7.0 and high activity (around 80% of the maximum) was still retained at pH 8.0. The neutral pH optimum was similar to those of some plant and microbial esterases from a thermoacidophilic archaeon, Thermotoga maritima, and Chrysosporium lucknowense C1 16−18 and pH 8.0 from Streptococcus thermophilus and Sulfolobus solfataricus.
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The effect of temperature on esterase activity was studied in the range of 30 to 80
• C at pH 7.0. The optimum temperature for the enzyme was 50
• C and at least 70% of maximum activity was retained between 30
and 70
• C, while 70% of maximum activity was lost at 80
• C ( Figure 3B ). The determined optimum temperature is the same as those reported for esterases from a chicken, deep-sea metagenomic library, the culinary medicinal mushroom Sparassis crispa, Picrophilus torridus, Pseudomonas sp. B11-1, and Bacillus licheniformis. 
pH and thermal stability
The pH stability of the purified esterase was examined by incubating the enzyme solution for up to 5 days at 4 • C and 50
• C in buffer solutions having 2 different pH values (5.0 and 7.0). At the end of each storage period, the activities were assayed at incubation pH. As shown in the pH stability profile of the pure enzyme, the esterase conserved over 75% of its original activity at pH 5.0 after 3 days of incubation at 4
• C ( Figure   4A ). It is also shown in Figure 4B that Geobacillus sp. DF20 esterase was extremely stable at pH 5.0 and 50
• C for a day-long incubation period, and the activity was fully retained when the enzyme was incubated at pH 7.0 and 50 • C for 3 days. When compared with other esterases in the literature, Anoxybacillus sp.
PDF1 conserved 90% of its original activity almost at room temperature for 30 min, 27 Bacillus subtilis (RRL 1789) esterase retained 45%-50% of its original activity up to 55
• C for 1 h, 12 and Rhodococcus sp. LKE-028
(MTCC 5562) lost 50% of its esterase activity after a 120-min incubation period at 70
11 It is clearly seen that Geobacillus sp. DF20 esterase displays high levels of activity under neutral conditions when incubated at both 4 and 50
• C. The stability of the enzyme in acidic and neutral pHs and at high temperatures suggests its usefulness in industrial applications. The thermostability of Geobacillus sp. DF20 esterase was also determined by measuring the residual activity after incubation of the pure enzyme solution (in pH 7.0 elution buffer) at various temperatures ( Figure   5 ). The activity was completely retained after incubation for 72 h at 50
• C. According to the temperature stability profile, upon 5 h of incubation at 70
• C, the activity sharply decreased. Comparable results were obtained with the esterase purified from Anoxybacillus sp. PDF1 maintained all of its original activity at 50
• C and lost all of its activity at 75
• C for 30 min. 27 For Sporotrichum thermophile esterase the rate of activity loss was at 60% at 50 • C and 100% at 60 • C after 6 h of incubation. 28 The results obtained from stability studies showed that the enzyme was highly thermostable in addition to its high pH stability. The correlation between thermostability of an enzyme in water and its resistance to denaturation in organic solvent has been reported earlier. 29 For this reason, thermostable enzymes are attractive to be used not only in aqueous media but also in organic media. 30 Esterases and lipases have not been utilized often in industrial processes due to their low stability under operational process conditions. Enzymes extracted from Geobacillus species have potential applications in biotechnological processes. Although it has been reported that Geobacillus species produced various thermostable enzymes including proteases, amylases, lipases, and pullulanase, there is little information on thermostable esterases from Geobacilli. 
Effect of some metal ions and organic solvents on esterase activity
Various metal ions at 1 mM and 10 mM final concentrations in the reaction mixture were tested for their effects on Geobacillus sp. DF20 esterase activity ( Table 2 . Effect of various metal ions on the Geobacillus sp. DF20 esterase activity.
Metal ion
Residual activity (%) 1 mM 10 mM Control (None) 100 ± 3 100 ± 3 Co
The catalytic efficiency of many enzymes is affected by organic solvents in different ways and organic solvent resistant enzymes can be useful in various industrial processes. The use of organic solvents in reaction media can increase the thermal stability of enzymes or eliminate microbial contaminations. In this study the effect of organic solvents on esterase activity was investigated by estimating residual activity of the purified enzyme under standard reaction conditions (Table 3) . Geobacillus sp. DF20 esterase conserved approximately 75% of its original activity in the presence of methanol and ethanol. It was previously reported that Kluyveromyces marxionus CBS 1553 esterase had residual activity of 82% and 76% in the presence of methanol and ethanol, respectively. Table 3 . Effect of organic solvents on the Geobacillus sp. DF20 esterase activity.
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Organic solvent
Residual activity (%) (10% final concentration) Control (None) 100 ± 3 Ethanol 77 ± 3 Methanol 72 ± 2 Isopropanol 56 ± 2 Acetonitrile 16 ± 1
In conclusion, this study describes the purification and characterization of an esterase from thermophilic Geobacillus sp. DF20. This enzyme is characterized in terms of substrate specificity, pH and temperature optima, organic solvent resistance, thermal and pH stability, and kinetic parameters. Biochemical characterization revealed several properties of Geobacillus sp. DF20 esterase and suggested that the enzyme may be used in suitable biotechnological applications.
Experimental
Chemicals
Geobacillus sp. DF20 was provided by the Department of Biology at Karadeniz Technical University, Trabzon (Turkey). All p -nitrophenyl esters used as substrates and Q-Sepharose fast flow were purchased from Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals used were of the reagent grade available and used as obtained.
Growth conditions and enzyme extraction
The bacterial strain Geobacillus sp. DF20 was grown in Erlenmeyer flasks (2 L) containing 500 mL of mineral medium 33 at 55
• C for 14 h on a rotary shaker (Barnstead/Lab-Line). Cells were harvested by centrifugation at 10,000 rpm and 4
• C for 10 min. The collected cells were then resuspended in 20 mM Tris-HCl buffer (pH 7.0) containing 10 mg/mL lysozyme and incubated at 37
• C for 30 min. The cell lysate was finally sonicated at 80% amplitude for 5 min and then centrifuged at 10,000 rpm for 10 min. The resulting supernatant was used for esterase purification.
Enzyme purification
The crude enzyme solution was applied to a Q-Sepharose fast flow anion exchange column (1.5 × 30 cm) equilibrated with 20 mM Tris-HCl (pH 7.0) buffer. Next, the unbound proteins were removed by washing the column with 150 mL of equilibration buffer. Proteins were eluted by using a linear gradient of NaCl solution from 0 to 0.6 M, in the same buffer, at the flow rate of 1 mL min −1 and 3 mL fractions were collected. The active fractions were concentrated and also partial purified with a centrifugal filter device (Ultracel Membrane 50,000 MWCO Millipore, Amicon, USA) and stored at -20
• C until used.
Native PAGE and activity staining
The purity of the eluted protein and the presence of an esterase were determined by native PAGE. Continuous nondenaturing PAGE was performed by using a 10% separating gel and 5% stacking gel. 34 Gels were run at 25 mA for 90 min at 4 • C. To monitor the migration and separation of the proteins, gel was stained with
Coomassie Blue R-250. For activity staining, the native gel was incubated in 100 mL of 50 mM Tris-HCl buffer (pH 7.0) containing 2 mL of 30 mM β -naphthyl acetate (dissolved in acetone) at 50
• C for 15 min. Finally, 40 mg of Fast Blue B salt was added to the staining solution and the esterase activity was detected by a deep purple band on the gel. 
Enzyme activity and protein assay
Protein concentration was measured by the method of Lowry 36 using bovine serum albumin as a standard.
Graphic interpolation on a calibration curve at 650 nm was used to obtain protein amounts.
Esterolytic activity was determined spectrophotometrically using p -nitrophenyl acetate (p NPA), 
Characterization of the esterase
Functional properties of Geobacillus sp. DF20 esterase in different conditions were investigated by using the purified enzyme solution and all experiments were run under standard reaction conditions by using p NPB as substrate.
The pH profile of the enzyme for its esterolytic activity was assayed by using various buffers (all are 50 mM): glycine-HCl (pH 3.0), sodium acetate (pH 4.0 and 5.0), sodium phosphate (pH 6.0 and 7.0), and Tris-HCl (pH 7.0-9.0). To determine the optimum temperature of the enzyme, esterase activity was measured between 30
• C and 80
• C with 10 • C increments, at optimum pH value. The determined optimum pH and temperature values were used in the rest of the study.
To determine the substrate specificity, relative activities of the purified enzyme were investigated as described previously in the presence of different chain-length fatty acid esters. Values for K m and V max were calculated from the Lineweaver-Burk plot by estimating activities toward a series of p NPB concentrations (0.005-0.5 mM).
The effect of pH on the enzyme stability was studied with sodium acetate (pH 5.0) and Tris-HCl (pH 7.0) buffers by incubating the enzyme solution in both buffer solutions for up to 5 days, at 4
• C and 50 • C. Enzyme thermostability was determined after incubating enzyme solution in pH 7.0 buffer at different temperatures (4, 50, and 70
• C) for up to 72 h. The activities, after incubation, were assayed under standard reaction conditions and the percentage residual activity was calculated by comparison with unincubated enzyme activity.
To study the effect of metal ions on esterase activity, chloride salts of metals such as Na + , Li + , Mn 2+ , Mg 2+ , Zn 2+ , Cu 2+ , Co 2+ , and Ca 2+ were added to the reaction mixture in 2 different final concentrations
(1 mM and 10 mM). The enzyme stability in organic solvents was assayed by diluting the enzyme sample in 10% (v/v) methanol, ethanol, isopropanol, and acetonitrile. Enzyme activity was treated in the same way but without any additive was defined as 100%. Residual activity was measured following the standard assay method with pNPB as substrate.
